Thrombosis and cardiovascular disease (CVD) represent major causes of morbidity and mortality. Low androgen correlates with higher incidence of CVD/thrombosis. Tissue Factor Pathway Inhibitor (TFPI) is the major inhibitor of tissue factor-factor VIIa (TF-FVIIa)-dependent FXa generation. Because endothelial cell (EC) dysfunction leading to vascular disease correlates with low EC-associated TFPI, we sought to identify mechanisms that regulate the natural expression of TFPI. Data mining of NCBI's GEO microarrays revealed strong coexpression between TFPI and the uncharacterized protein encoded by C6ORF105, which is predicted to be multispan, palmitoylated and androgen-responsive. We demonstrate that this protein regulates both the native and androgen-enhanced TFPI expression and activity in cultured ECs, and we named it androgen-dependent TFPIregulating protein (ADTRP). We confirm ADTRP expression and colocalization with TFPI and caveolin-1 in ECs. ADTRPshRNA reduces, while over-expression of ADTRP enhances, TFPI mRNA and activity and the colocalization of TF-FVIIa-FXa-TFPI with caveolin-1. Imaging and Triton X-114-extraction confirm TFPI and ADTRP association with lipid rafts/caveolae. Dihydrotestosterone up-regulates TFPI and ADTRP expression, and increases FXa inhibition by TFPI in an ADTRP-and caveolin-1-dependent manner. We conclude that the ADTRP-dependent upregulation of TFPI expression and activity by androgen represents a novel mechanism of increasing the anticoagulant protection of the endothelium. 
Introduction
Cardiovascular disease (CVD) is a major cause of morbidity and mortality, with men having higher rates of clinical events than women. 1 Testosterone serves many physiologic functions, 2 including cardio-protective effects, and its decline with advancing age parallels impaired physical, sexual and cognitive functions. It is believed that androgen replacement therapy could benefit the declining functions in the elderly, as well as reverse the adverse effects of androgen deficiency on men's health in diabetes, metabolic syndrome and CVD. 3, 4 Tissue factor pathway inhibitor (TFPI) is a key natural inhibitor of coagulation: it neutralizes factor Xa (FXa) and inhibits tissue factor-factor VIIa (TF-FVIIa) in the presence of FXa. In vivo most of TFPI is on endothelial cells (ECs), reversibly bound to yet unidentified receptors, and glycosyl phosphatidylinositol-anchored to caveolae/lipid rafts. [5] [6] [7] [8] The cell-associated form of TFPI, as opposed to the soluble, variably truncated forms of the inhibitor, is considered the most physiologically significant inhibitor of TFFVIIa. 7, 9 Frequent thrombotic events associate with comorbidities (cancer, diabetes, and CVD) in older people. TF-driven coagulation not adequately countered by TFPI seemingly underlies thrombotic complications in sepsis, atherosclerosis, lupus and cancer, [10] [11] [12] [13] [14] and could associate with increased risk of deep vein thrombosis/venous thromboembolism (DVT/VTE). [15] [16] [17] [18] Although TFPI is a major endogenous inhibitor of coagulation, few mechanisms/factors that regulate the natural expression of TFPI have been identified so far. [19] [20] [21] [22] Finding ways to up-regulate the cell-associated TFPI to prevent unwanted clotting and to inhibit TF-dependent pathologic effects, although being of great importance, is a still underinvestigated area. Here we applied the previously described global meta-analysis (GAMMA) of NCBI's Gene Expression Omnibus (GEO) 2-channel human microarray datasets 23 to reveal genes that TFPI was coexpressed with. The approach identified C6ORF105, a potentially androgen-inducible gene (AIG), as a very high scoring gene coexpressed with both TFPI and several other genes associated with TFPI in the literature.
ECs are a key regulator of cardiovascular function. Unregulated production of enzymes/inhibitors that control coagulation and fibrinolysis, and of vasodilating agents, is a major consequence of endothelial dysfunction. Beneficial effects of androgens include enhanced production of antithrombin III, tissue-type plasminogen activator and nitric oxide, and reduced plasminogen activator inhibitor-1. 24 The limited available data concerning the effects of androgens on TFPI in vitro [25] [26] [27] and in patients 28, 29 also point toward a positive correlation.
The present study analyzes the contribution of this novel protein to the anticoagulant function of TFPI in ECs in culture, and its regulation by androgens. We report for the first time that the protein encoded by C6ORF105, acting as a novel androgen-controlled membrane protein, regulates TFPI expression and function in ECs. We tentatively named it androgen-dependent TFPI regulating protein (ADTRP). We hypothesize that this novel aspect of the TFPI-dependent anticoagulant mechanism may increase the The online version of this article contains a data supplement.
The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734.
protection of the endothelium in pathologic conditions like CVD, DVT/VTE, sepsis, and cancer.
Methods

Tools for investigation of ADTRP expression
C-terminus double-tagged (Myc and DDK/FLAG) pCMV6-Entry/ C6ORF105 expression vector, C6orf105 recombinant protein (here after named ADTRP) overexpressed in HEK293 (positive control), HuSH 29-mer shRNA expression pRS vectors and controls (noneffective 29-mer scrambled shRNA cassette in pRS), and mAbs anti FLAG/DDK, were all from OriGene. Rabbit polyclonal antibodies were custom produced and purified at EZBiolab Inc, using as antigen 2 peptides of the ADTRP predicted extracellular domains: C-V 143 LRPHSYPSKKYGLT 157 -NH 2 and C-E 212 EKLNHWKWGDMRQ 224 -NH 2 .
Reagents, cells, and tissues
Primary and fluorophore-or peroxidase-conjugated secondary antibodies, human coagulation factors, and cell culture media and supplements were essentially as described. 5, 6, 30, 31 Unconjugated and fluorophore-conjugated monovalent Fab fragments of affinity-purified secondary antibodies for double labeling of primary antibodies from the same host species were from Jackson ImmunoResearch and used according to the manufacturer's protocols. The immortalized hybrid EC line EA.hy926 32 (gift from Dr Cora-Jean Edgell, University of North Carolina) and primary human umbilical vein ECs (HUVECs), which share common morphologic and functional characteristics, 33, 34 were used as described. 5, 6, 30, 31 The model systems included: native ECs; cells permanently expressing low levels of TF-YFP, 31 hereafter named TF-EC; ECs and TF-ECs with transiently silenced ADTRP using HuSH 29-mer shRNA expression pRS vectors; EC and TF-EC lines stable expressing Cav-1-shRNA, achieved through HuSH system; and, EC and TF-EC expressing the Myc/DDK (FLAG)-tagged protein encoded by C6ORF105 (here after named ADTRP-FLAG). Cells were transfected with Effectene (QIAGEN). 6 Stable cell lines were selected with 0.5 g/mL G418. Selected HUVEC lines were used for up to 5 passages. All assays were run on native, mock-and control-transfected cells. Normal baboon lung and aorta, and human placenta samples were collected during previous experiments, 10, 35 all approved by IACUC and IRB committees of the Oklahoma Medical Research Foundation and the University of Oklahoma Health Sciences Center.
EC treatments
ECs pre-incubated for 48 hours in medium with 10% steroid-free FBS (charcoal/dextran-stripped; Gemini Bioproducts) were incubated for 24 hours with 30nM (physiologic concentration) of 5-␣-androstan-17ß-ol-3-1 (dihydrotestosterone [DHT]; Sigma-Aldrich).
TFPI activity assay
The inhibitory capability of cell surface TFPI was measured by 2-stage functional chromogenic assays on TF-EC monolayers, where TF-FVIIadependent FXa generation was quantified in the presence and absence of inhibitory anti-TFPI antibodies, as described. 6, 10, 11, 31 
Immunofluorescence and image analysis
Immunofluorescence and image analysis were used to study the distribution of TFPI, TF, ADTRP, Cav-1, and the raft-specific ganglioside GM 1 5,6,36,37 . By performing the immunostaining at the end of the functional assays, on EC fixed with 3% paraformaldehyde Ϯ permeabilization with 0.1% Triton X-100, we defined the colocalization of the inhibitory TF-FVIIa-FXa-TFPI quaternary complex with rafts/caveolae as an index of the down-regulation of the coagulation pathway. 6 Controls included pre-immune sera (for the rabbit anti-ADTRP IgG), irrelevant or isotype-matched IgGs, and omission of primary antibodies. Images were collected with a Nikon C1 confocal system on a Nikon TE2000U microscope (Nikon Instruments Inc) using computer-controlled lasers and a PlanApochromat oil-immersion objective (ϫ60, NA: 1.4). The acquisition software was EZ-C1 Version 3.6 (Nikon Corporation). Image collection parameters (neutral density filters, pinhole, and detector gains) were kept constant during image acquisition to make reliable comparisons between specimens. 10, 11, 35 Image acquisition was done sequentially for each fluorescence channel to avoid bleed through. Mean fluorescence intensity (MFI), expressed in arbitrary units (AU) was measured on a minimum of 50 cells per group randomly chosen from at least 5 different pictures for each experimental condition. The colocalization quantification, performed by Adobe Photoshop (Adobe Systems), comprised series of subtraction of the fluorescence intensity of individual and overlapping and nonoverlapping channels, and expression of the overlap as mean percentage of the total signal for each channel, essentially as described. 6 Quantitative real-time (qRT) PCR qRT-PCR was used to measure TFPI, ADTRP, and Cav-1 mRNA. 35 Total RNA was isolated with the RNeasy Mini kit, with extra DNase digestion of RNA using RNase-free DNase Set (both kits were from QIAGEN). Primers were designed using Primer Express software (Applied Biosystems). qRT-PCR was conducted on an ABI Prism 7000 Sequence Detection System (Applied Biosystems). iTaqTM SYBR Green Supermix (Bio-Rad) was used for detection and quantitation according to the manufacturer's protocol. Data are expressed either as C t values (cycle threshold; the cycle at which the fluorescence signal was statistically significant over background), or as the ratio of the target gene in the experimental groups relative to the control samples, corrected for the reference gene (18S rRNA). For the latter approach we used the ⌬⌬C T method (http://www.appliedbiosystems.com/).
Other assays
Cell and tissue lysis, Western blot, and Triton X-114 cellular fractionation, were performed as described, 6 except for using chemiluminescent detection (GE Healthcare). Densitometric analysis used ImageJ 1.42b software (National Institutes of Health). Total protein was assayed by BCA (Pierce). A modified ELISA performed directly on fixed EC monolayers 5 using a FLUOstar Omega multimode microplate reader (BMG LABTECH), measured TFPI and ADTRP levels associated with the cells, separately on the cell surface and on cells permeabilized with 0.01% saponin. We expressed the antigen levels as ratios between the absorbance of the peroxidatic reaction (measured at 450-nm after cleavage of ortho-phenylenediamine [OPD; Sigma] substrate) and the fluorescence intensity of DAPI, the latter added to the EC monolayers for cell number normalization. Flow cytometry was performed on fixed cells as described, 31 using a FACScan flow cytometer and CellQuest Pro Version 5.2 (BD Bioscience).
Data collection and statistical analysis
All results are reported as mean Ϯ SD for activity assays and mean Ϯ SEM for qRT-PCR and image analysis. We used Prism Version 5.0c (GraphPad) to perform the unpaired t test, 1-way ANOVA, and Pearson's correlation analysis. Differences were considered significant when P Ͻ .05. All experiments were repeated at least 3 times unless otherwise mentioned. n indicates number of experiments, with each assay typically run in triplicate.
Results
Androgen-dependent TFPI regulating protein (ADTRP): a novel protein that coregulates with TFPI
We used the previously reported 23 and validated 38 in silico data mining approach to identify novel genes associated with TFPI. The method used a global meta-analysis (GAMMA) of NCBI's GEO 2-color microarray datasets to identify genes that were consistently and specifically coexpressed with each other across heterogeneous conditions, and was guided by a literature-based analysis of the published associations of the coregulated genes (details in supplemental Methods and Tables 1-3 , available on the Blood Web site; see the Supplemental Materials link at the top of the online article). Based on the relative frequencies of each term in MEDLINE, the association was significant (P Ͻ .01). C6ORF105 (Entrez Gene ID 84 830; chromosome location 6p24.1) was chosen for analysis from among the highest-scoring unknown genes. As shown in Figure 1A , C6ORF105 (ADTRP) has a strong pattern of parallel coexpression with TFPI, and a statistically significant positive correlation (Pearson's r: 0.636; r 2 : 0.405; slope deviation from zero highly significant).
According to UniProtKB/Swiss-Prot, the protein encoded by C6ORF105 (Protein Q96IZ2) is likely to have 2 isoforms, M w ϳ 27-29 kDa, and 3-6 predicted trans-membrane domains. Details about sequences and putative domains are given in supplemental Figure 1 . Based on sequence similarities, this protein belongs to the AIG family. AIG1 was cloned from human dermal papilla cells and is homologous to hamster FAR-17a. 39 The in vivo function of the protein encoded by C6ORF105 is yet unknown.
ADTRP is expressed in cultured ECs and various tissues
qRT-PCR verified that ADTRP was expressed in both HUVECs and EAhy926, as well as in the baboon lung. C t values (mean Ϯ SEM) for ADTRP mRNA expression were, 22. By immunofluorescence, ADTRP colocalized with TFPI on the cell surface ( Figure 1C , HUVEC), and with both TFPI and Cav-1 intracellularly (not shown). The percentage of TFPI colocalizing with ADTRP (and reciprocal) was ϳ 65% for the cell surface and ϳ 80% in permeabilized cells. After applying our previously described triple immunostaining approach 6 to detect TFPI and ADTRP on the cell surface and Cav-1 after permeabilization ( Figure 1D ), we calculated a mean overlap of 75% between cell surface TFPI and ADTRP and sub-membrane Cav-1, with ϳ 65% of ADTRP itself overlapping Cav-1. Control immunostaining using the rabbit pre-immune sera, as well as irrelevant rabbit IgG and omission of the first antibody, all gave negative results (not shown).
In the baboon aorta, ADTRP colocalized with Cav-1 in the endothelium and with TFPI in both the endothelium and smooth muscle cells ( Figure 1E -F).
Posttranscriptional silencing of ADTRP in ECs in vitro
ADTRP mRNA measured by qRT-PCR in HUVECs at 72 hours after transfection with ADTRP-shRNA-expression vectors decreased by ϳ 3-fold. Concomitantly, TFPI mRNA was also 1.75 times lower (see also Figure 7A white bars-Control).
Western blot densitometry revealed that HUVEC transiently expressing ADTRP-shRNA displayed Ͼ 2-fold reduction in ADTRP levels after normalization to ß-actin, compared with controls ( Figure 2A ; lane 1: nontargeting shRNA; lane 2: ADTRP-shRNA). TFPI also decreased ϳ 1.3-fold (Figure 2A ). Transfection efficiency, verified with an EGFP-expressing vector, 6 was ϳ 80%.
The cell surface expression of ADTRP decreased 2.8-fold, and that of TFPI by 1.7 times (Figure 2B -C; semiquantitative analysis after immunostaining). Cav-1 levels were not significantly affected, either as mRNA (ϳ 1.15-fold increase by qRT-PCR) or as protein ( Figure 2B-C) .
Correlation analysis of TFPI and ADTRP fluorescence intensity on the cell surface of 20 individual cells ( Figure 2D ) revealed highly significant positive correlation between the levels of the 2 proteins for both controls (r 2 : 0.927) and ADTRP-shRNA ECs (r 2 : 0.896). 
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The ELISA performed on cell monolayers confirmed significant reduction of ADTRP and TFPI after ADTRP silencing, both on the cell surface and in permeabilized cells ( Figure 2E ).
ADTRP silencing in TF-EC reduced the TF/TFPI colocalization to ϳ 44% of the total TF, down from ϳ 63% measured in the control TF-EC ( Figure 3A-B) . The percentage of TF overlapping both TFPI and Cav-1 decreased even more, by Ͼ 2-fold, compared with control TF-EC, thus leaving the majority of TF (ϳ 80%) outside the colocalization with TFPI and Cav-1 (Figure 3A-B ; triple overlap white, and nonoverlapping TF green).
The inhibitory capability of cell surface TFPI against TF-FVIIatriggered FXa generation was measured in TF-EC cells, as described. 6, 31, 40 The difference between total FXa generated in the presence of inhibitory anti-TFPI IgG and the FXa generated in the absence of the antibody represents the amount of FX(a) whose activation was prevented by, or which was inhibited by TFPI, therefore giving the measure of the functional potency of cell surface TFPI. TFPI-dependent FXa inhibition was ϳ 3-times reduced in ADTRP-shRNA EC ( Figure 3C red bars) . Whereas TFPI in control ECs inhibited ϳ 55% of the total FXa generated, the inhibitory capability of TFPI in ADTRP-shRNA cells was only ϳ 12%. All values were normalized to 10 6 cells.
Overexpression of ADTRP in ECs
By qRT-PCR, the mRNA expression of ADTRP and TFPI increased 3-fold and 1.6-fold, respectively, in both EA.hy926 and HUVECs stable expressing ADTRP-FLAG (see also Figure 7A white bars-Control).
Using Western blot we first verified the specificity of the anti-FLAG mAb. HUVEC lines stable expressing ADTRP-FLAG displayed robust immunostaining with anti-FLAG, and strong colocalization with both ADTRP (Ͼ 93%) and TFPI (80%) on the cell surface ( Figure 4B overlap appears white) . The cell surface expression of both proteins increased significantly versus control EC, by Ͼ 2-fold for ADTRP and 1.5-fold for TFPI ( Figure 4C ). The triple shRNA EC, to analyze the relationship between ADTRP and TFPI fluorescence levels on the EC surface. r 2 and slope deviation from 0 are highly significant for both experimental conditions. (E) ELISA on control ECs and ADTRP-shRNA cell monolayers (24-well plates) shows antigen levels for ADTRP and TFPI on the cell surface (S) and in permeabilized cells (P). Antigen values are expressed as ratios between the absorbance measured at 450 nm after developing the peroxidatic reaction with OPD, and the fluorescence intensity of DAPI used for normalization of cell numbers. Data are mean Ϯ SEM; n ϭ 6. ***,###: P Ͻ .001 versus control cells (unpaired t test).
colocalization TFPI/ADTRP/FLAG on the EC surface showed 85% ADTRP/TFPI overlap, and Ͼ 90% of ADTRP and FLAG staining together colocalized with TFPI ( Figure 4D ). Control immunostaining with mouse isotype-matched IgG, or with anti-FLAG mAb on native ECs, showed negative results (not shown).
Flow cytometry confirmed that the anti-FLAG mAb significantly labeled the cell surface of ECs stable expressing ADTRP-FLAG while not binding to native ECs (Figure 4E FLAG panel) . Cell surface TFPI increased by ϳ 1.7 times on ADTRP-FLAG ECs versus control cells ( Figure 4E TFPI panel) .
Over-expression of ADTRP increased the TF/TFPI overlap to ϳ 90% up from 63% in control ECs, and enhanced the triple colocalization TF/TFPI/Cav-1 to Ͼ 85% of the total TF ( Figure   5A -B). TFPI activity increased by 1.6 times in cells expressing ADTRP-FLAG versus control TF-EC ( Figure 5C ), thus inhibiting ϳ 75% of the total FXa generated.
ADTRP shares the same location with TFPI in caveolae/lipid rafts
Cell surface TFPI and FLAG in HUVECs expressing ADTRP-FLAG significantly colocalized with submembrane Cav-1, visualized after cells permeabilization; 85% of FLAG staining overlapped Cav-1, the colocalization of TFPI with Cav-1 increased to Ͼ 85% of TFPI (vs 60% in control cells), and Ͼ 90% of TFPI and FLAG overlapped Cav-1 ( Figure 6A) .
Extraction of ECs with Triton X-114 followed by temperatureinduced phase separation led to isolation of cell fractions rich in hydrophobic proteins (detergent fraction, D) and fractions containing mainly soluble proteins (water fraction, W). As previously shown for TFPI, 6 ADTRP also predominantly associated with D fractions in both control and ADTRP-FLAG cells (Figure 6B lanes 1 and 3: W fractions; lanes 2 and 4: D fractions; lanes 1 and 2: control ECs; lanes 3 and 4: ADTRP-FLAG). By densitometry, the fold-enrichment of ADTRP in D-fractions versus W-fractions was 3ϫ in both control ECs and ADTRP-FLAG cells. The ratios for TFPI were 2.5ϫ in controls (lanes 1 and 2), and Ͼ 4ϫ in cells expressing ADTRP-FLAG (lanes 3 and 4) . The D-fraction enrichment of both proteins in ADTRP-FLAG cells versus control ECs was higher than for the equivalent W-fractions: ϳ 2-fold for TFPI and 2.5ϫ for ADTRP (lanes 4 vs 2), compared with 1.1ϫ for TFPI and 2ϫ for ADTRP (lanes 3 vs 1) . The total increase measured in ADTRP-FLAG cells over control ECs was 2.5-fold for ADTRP and 1.5-fold for TFPI, which mirrors the values observed for whole lysates (see also Figure 4A -B).
ECs incubated live for 30 minutes with FITC-labeled cholera toxin B (CTx-FITC) as a ligand for the lipid raft marker GM 1 , showed clustering of TFPI and ADTRP (the latter detected with anti-FLAG mAb) on the cell surface, resulting in 80% colocalization of FLAG with CTx and Ͼ 86% of TFPI and FLAG together 
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Androgen increases TFPI and ADTRP expression and TFPI activity
qRT-PCR showed that the mRNA expression of TFPI and ADTRP significantly increased in both HUVECs and EA.hy926 after incubation with 30nM DHT for 24 hours, by 3-fold for ADTRP and 2-fold for TFPI ( Figure 7A Native) .
By semiquantitative analysis after immunostaining we calculated ϳ 2 times enhanced expression of both TFPI and ADTRP on the EC surface after DHT incubation ( Figure 7B-C) . Similar increase of total cellular TFPI was observed by Western blot (not shown). Androgen treatment increased the TFPI/Cav-1 overlap to Ͼ 75% of the cell surface TFPI, up from ϳ 63% in control cells, as well as the TFPI/ADTRP/Cav-1 overlap to ϳ 90%, vs 75% in controls (see also Figure 1D ).
TFPI-dependent FXa inhibition increased ϳ 2-fold in cells incubated with DHT compared with controls ( Figure 7D Control TF-EC; compare with controls in Figures 3C and 5C ). TFPI in androgen-incubated ECs inhibited 70% of the total FXa generated. The colocalization of TF with TFPI and Cav-1 in TF-EC also increased to Ͼ 75% of TF ( Figure 7E ), versus ϳ 63% in control cells (see Figure 3A -B).
Expression of both ADTRP and Cav-1 regulates TFPI response to androgen
TFPI mRNA failed to increase in response to androgen in ADTRP-shRNA EC ( Figure 7A ADTRP-shRNA group). Androgen had a marginal effect in Cav-1-shRNA EC, enhancing by only ϳ 1.3-times the mRNA expression of TFPI ( Figure 7A Cav-1-shRNA group) and ADTRP (not shown). Over-expression of ADTRP also precluded androgen from enhancing TFPI mRNA as in native cells ( Figure 7A ADTRP-FLAG group) . Interestingly, Cav-1 mRNA was slightly reduced, by ϳ 1.4-fold in these cells (not shown).
Androgen enhanced the cell surface TFPI activity by ϳ 2-fold in native TF-EC, but failed to significantly increase TFPIdependent FXa inhibition in ADTRP-shRNA ECs and in Cav-1-shRNA EC (Figure 7D red bars; compare with Figure 3C ). In these cells, TFPI inhibited only ϳ 11% of the total FXa generated. Androgen increased by 1.6-times the already high TFPI activity in ADTRP-FLAG cells ( Figure 7D ; compare with Figure 5C ), raising the inhibition of FXa to ϳ 95%.
Cav-1 silencing reduced cell surface TFPI by Ͼ 3-fold (MFI Ϯ SEM: 38 Ϯ 1.2 AU) compared with control cells (see Figure 2C ; nontargeting shRNA ECs, MFI Ϯ SEM: 95 Ϯ 2.4 AU), but had no significant effect on ADTRP ( Figure 
Discussion
Our study unveils a novel mechanism of regulation of TFPI expression and function in human ECs in culture. We show for the first time that an uncharacterized protein encoded by C6ORF105 regulates TFPI mRNA expression, cellular distribution and cellassociated anticoagulant activity of the inhibitor, both in native conditions and in response to androgen. We tentatively named this novel protein ADTRP.
Although EC-associated TFPI is recognized as the major physiologic inhibitor of the TF-FVIIa-triggered coagulation pathway, few factors/mechanisms that significantly regulate the natural expression of TFPI have been identified so far. The significance of our study is 2-fold. First, we identify a novel EC-expressed protein as a major regulator of TFPI expression and function in vitro; and second, we report that physiologic concentration of testosterone's main metabolite, DHT, increases the mRNA, protein expression and anticoagulant capabilities of cell-associated TFPI in human ECs in culture.
Because the in vivo location and function of ADTRP are not yet known, we first analyzed the natural expression of ADTRP, and found it in ECs in culture, as well as in the human placenta and baboon lung and aorta, colocalizing with both TFPI and Cav-1.
Using posttranscriptional silencing, we achieved strong downregulation of ADTRP mRNA and protein expression in both HUVEC and EA.hy926 cells, and a concomitant reduction of TFPI mRNA expression and of the cell surface TFPI antigen and activity. The decrease of TFPI cell surface antigen (ϳ 1.7-fold) though, could not account by itself for the highly impaired capability of TFPI to inhibit TF-FVIIa-dependent FX activation. Accordingly, TFPI inhibited only 12% of the total FXa generated in ADTRPshRNA-expressing TF-EC, versus 55% in control TF-EC, suggesting that ADTRP actively preserves the anticoagulant potential of TFPI on the ECs surface. We have previously shown that a high percentage of TF and TFPI on the cell surface colocalize with the sub-membrane Cav-1 during and/or after the formation of the TF-FVIIa-TFPI-FXa quaternary complex. 6 Here we confirm and extend this finding, showing that the colocalization of the quaternary complex with caveolae, measured semiquantitatively through the triple overlap TF/TFPI/Cav-1, offers the morphologic confirmation of the functional assays. Cell surface TFPI activity, expressed as percentage of inhibited FXa of the total FXa generated, positively correlates with the percentage of TF that colocalizes with both cell surface TFPI and sub-membrane Cav-1. Silencing of ADTRP left ϳ 80% of TF free, out of the colocalization with TFPI and Cav-1. Because the levels of Cav-1 were not affected by ADTRP down-regulation, the effect is likely because of the low level of ADTRP itself, which in turn affects the cell surface distribution and activity of TFPI.
Conversely, overexpression of the FLAG-tagged ADTRP increased the mRNA and protein expression of both ADTRP and TFPI, although the effect was, as expected, significantly stronger for the former. Cell surface TFPI strongly colocalized with ADTRP, FLAG and sub-membrane Cav-1. In TF-EC expressing ADTRP-FLAG, the strong patching of cell surface TFPI with TF during the formation of the quaternary complex increased the overlap with Cav-1 to Ͼ 85% of the total TF, which translated into similarly enhanced TFPI-dependent inhibition of FXa.
Although in vitro silencing of ADTRP did not affect the expression of Cav-1, it did reduce the colocalization of cell surface TFPI with Cav-1. Similar with TFPI, ADTRP also partially resides in caveolae/lipid rafts, as revealed by immunofluorescence microscopy and biochemical assays. ADTRP colocalized with submembrane Cav-1, and both ADTRP and TFPI were significantly enriched in the hydrophobic proteins-rich (D) fraction after Triton X-114 extraction. The clustering of TFPI together with ADTRP over the cell surface during live cell incubation with CTx, a specific ligand for the lipid raft marker GM 1 , also suggests that ADTRP share similar localization with TFPI in cell membrane lipid rafts. The potential palmitoylation sites Cys 7 and Cys 62/79 , and predicted trans-membrane domains could be responsible for ADTRP location in lipid rafts/caveolae. Because overexpression of ADTRP enhanced the D-fraction-associated TFPI significantly more than the W-fraction-located inhibitor, we suggest that ADTRP may represent another lipid raft organizer that affects TFPI distribution and activity, besides its mRNA expression. Our data show that the ADTRP protein itself regulates TFPI, either directly or through transcriptional trans-activation. Because ADTRP is a predicted trans-membrane protein, and by immunostaining it does not relocate to the nuclei after androgen treatment, it is unlikely that it functions as a transcription factor (Tf) by itself. Although it is tempting to speculate that ADTRP may interact with and/or regulate other Tfs, more experiments are needed to address the mechanism of the transcriptional regulation of TFPI expression by ADTRP.
Enhanced expression of TFPI after testosterone treatment in vitro was also reported by another group, 25, 26 but, since their data lacked true mechanistic insights, this field of study remained under-investigated. Data mining of GEO array profiles also revealed up-regulation of both ADTRP and TFPI mRNA in a prostate cancer cell line after incubation with DHT for 16 hours (supplemental Figure 2 ).
Here we report that, as yet unknown effects of androgens, namely the up-regulation of the expression and anticoagulant activity of TFPI in ECs, are mediated, at least in part, through the novel protein ADTRP. Our findings bear considerable physiologic significance, especially since TFPI is notoriously nonresponsive to transcriptional regulation.
The molecular machinery mediating responses to androgens involves both genomic and nongenomic effects. Androgen receptor (AR), widely expressed in vivo, 24 acts as androgen-inducible Tf that binds to androgen-response elements (ARE) to regulate gene expression. 1 Activated AR binds to canonical AREs (AGAACAnnnTGTTCT) or to half-site motifs, 41 and interacts with network(s) of AR-collaborating Tfs. 42 Several prediction algorithms (http://www.cisred.org; http://gene-regulation.com; and http://www.dcode.org) returned negative results for AREs in TFPI promoter, but found potential half-AREs (AGAACA and TGTTCT) in the ADTRP promoter, similar with the half-AREs identified for FAR-17a, 43 the hamster homolog of the human AIG1. We speculate that the ADTRPmediated transcriptional regulation of TFPI by androgen may involve potential AREs in the ADTRP promoter and AR-collaborating Tfs, acting through cross-modulation and transactivation. 42 BLOOD, 20 OCTOBER 2011 ⅐ VOLUME 118, NUMBER 16 For personal use only. on December 29, 2017 . by guest www.bloodjournal.org From Nonclassic effects of androgen involve AR interactions with Cav-1 and signaling through caveolae, 44, 45 including increasing free [Ca 2ϩ ] i levels 46 and activation of kinase-signaling cascades. 42 The association of TFPI with lipid rafts/caveolae, partially controlled by the levels of Cav-1 and caveolae-associated cholesterol, directly impact the formation of the inhibitory quaternary complex and thus the cell surface TFPI activity. 6 Androgen-triggered increase of free [Ca 2ϩ ] i 46 could enhance the colocalization of TFPI with Cav-1 and lipid rafts, and thus increase TFPI anticoagulant activity. 5, 30 Androgen-mediated increase of ADTRP in caveolae may constitute another key factor in the regulation of TFPI distribution and activity. The effect of androgen on TFPI activity needs the presence of Cav-1 and/or intact caveolae, probably because of the need for AR-Cav-1 interactions. Although the modulation of TFPI expression and function by androgen/AR most likely involves transcriptional regulation, the process also requires both ADTRP and Cav-1 proteins, as indicated by our posttranscriptional silencing experiments, through mechanisms that await elucidation.
Our studies advance the knowledge on the effects of androgens and unveil the function of the novel protein ADTRP in enhancing the TFPI-dependent anticoagulant properties of the endothelium. Understanding the effect of androgens on the vascular function is an area of major clinical importance, with potentially enormous healthcare implications as the elderly population is growing fast in the US. We reveal novel mechanism(s) of up-regulation of EC anticoagulant function that could be instrumental for the design of vascular protection strategies whereby cellular TFPI and/or other endothelial intrinsic factors, such as ADTRP, could be manipulated to counteract pro-thrombotic states associated with CVD, DVT/ VTE, sepsis, or cancer.
